ABSTRACT Boron deficiency and phytohormone interactions have been studied in unfertilized cotton (Gossypium hirsutum) ovules grown in vitro. Such ovules required exogenous indoleacetic acid and/or gibberellic acid for fiber elongation. Boron also was required for maintenance of fiber elongation and normal morphogenesis throughout 14 days of culture. The amount of exogenous boron necessary for maximum fiber elongation varied among experiments, presumably in relation to endogenous boron levels at anthesis. Some ovular epidermal cells distant from the liquid medium could be induced to elongate into fiber even after 6 days in boron-deficient medium in response to the later addition of boron.
If fertilization is permitted (flowers left intact until the second day postanthesis) and ovules are aseptically transferred to culture, fibers continue to elongate in response to a completely defined, liquid, basal medium. This continued elongation of cotton fibers is markedly stimulated by exogenous gibberellic acid (GA3) but only slightly, if at all, by indoleacetic acid. It was concluded that IAA is the phytohormone of principal consequence synthesized in response to the processes of fertilization (2) . If fertilization is prevented and ovules are transferred to culture, fibers fail to elongate in the presence of the same basal medium. However, fiber elongation does proceed when IAA and/or GA3 are included in the basal medium. IAA alone provides for moderate fiber elongation of unfertilized ovules, GA3 provides for less fiber elongation but more callus formation from the ovular surface, and when IAA and GA3 are furnished in combination, the fiber elongation response is approximately additive (2, 3). Thus, a situation could be created where cells are completely dependent upon exogenous phytohormones for elongation and boron deficiency could be imposed at any point in the phytohormone-dependent elongation phase. This report deals with various effects of boron deficiency and phytohormone combinations on the growth and development of unfertilized cotton ovules in vitro.
MATERIAILS AND METHODS
Boron is required for normal growth and development of all higher plants, although to date no single specific physiological role has been assigned to it. During the past 2.5 decades boron nutrition has been implicated in several general areas of plant metabolism: organic translocation, enzymatic regulation, plant growth regulator responses, cell division, cell maturation, nucleic acid metabolism, phenolic acid biosynthesis, and cell wall metabolism (7).
A system for in vitro culture of unfertilized cotton ovules in completely defined medium (1, 3, 4) has recently been developed in these labs. The system makes it possible to expose ovules to various combinations of nutrients, metabolites, and phytohormones, and thus was adopted for studies on the role of boron in plant growth and development.
Fiber initials (epidermal cells of the ovule destined to become mature fibers) initiate elongation on the day of anthesis. Once In vitro culture of cotton (Gossypium hirsutum) ovules and composition of the basal medium have been previously described (1) (2) (3) (4) . Flowers were collected on the morning of anthesis, and ovules were aseptically removed from each ovary and floated on the surface of 50 ml of sterile culture medium in a 125-ml culture flask. Ovules floated on their horizontal axes, the upper surface remained dry, and only the lower, submerged surface was in direct contact with the medium. Ovules were cultured at 34 C in the dark. Duration of culture was 14 days or as otherwise noted. To ensure that media and cultures were boron-free or contained only the levels desired, glass-distilled water was filtered through a column of Amberlite XE-243 (11) and used in all stock solutions and final media. Stock solutions were stored in polyethylene bottles, and culture was carried out in clear polycarbonate Erlenmeyer flasks.
A treatment consisted of 3 to 6 flasks, and each flask contained 28 to 32 ovules. Upon termination of an experiment, twenty ovules typical of the total in each flask were selected for fiber determination. Fiber growth was estimated by the staindestain method previously reported (5) Figure 2 shows the typical growth responses observed, and Figure 1 the numerical data for the above interactions. Sensitivity of the cotton ovule to boron was reflected in the fact that essentially the same amount of growth (TFU and dry weight) occurred for ovules cultured in glass flzsks without added boron as for ovuies cultured in B(+) medium in boron-free polycarbonate flasks.
BORON CONCENTRATION EFFECTS
In the presence of IAA and GA3, increases in boron concentration through 100 uM yielded concomitant increases in fiber production and decreases in dry weight (Fig. 3 ). Under the s:me conditions, if IAA was the only exogenous phytohormone, increasing boron concentrations resulted in increases in TFU; callusing of the inundated surface did not occur, hence there was little change in dry weight (Fig. 4) . The optimum boron concentration for ovule development varied among experiments, e.g., Figure 5 indicates that 10 [kM B for 14 days was limiting to growth; however, in the experiment represented by Figure 6 , 10 /tM B produced as much fiber as 100 tiM, after 14 days of culture. It is thought that the level of endogenous boron in ovules when they are collected from the parent plants varies in relation to environmental influences, and this determines the amount of exogenous boron that is necessary for optimum growth.
Subsequent experiments were conducted with the phytohormone complement conducive to optimum growth in boronsufficient medium (5 AM IAA, 0.5 /IM GA3, a-nd 0.05 pM Kin). Kinetin was found to have a slight positive effect on fiber growth in B(+) medium supplemented with IAA and GA! (6.07 TFU with Kin; 5.55 TFU without; Fig. 1 ) and was therefore included in the media used in the experiments described below.
DURATION OF BORON REQUIREMENT
Concentration and Duration of Culture. Progression of ovule growth in the presence of 10, 50, and 100 /_M B was followed by terminating treatments at 5, 8, 11, and 14 days postanthesis (Fig. 5) . With 50 and 100 jcM B, normal growth occurred, growth at 100 pM being better than at 50 ,uM both in terms of TFU and dry weight. In both boron concentrations, ovules were growing actively at day 14. In 10 juM B the rate of fiber production rapidly dropped between the 11th and 14th day of culture. During those last days of culture in the treatment containing 10 pM B, dry weight continued to increase at a slightly faster rate than in treatments containing 50 B(-) medium, and subcultured in B(-) medium for the remainder of the 14-day culture period. The higher the B concentration and the longer the B(+) preculture, the greater the resultant TFU value (Fig. 6) Boron Addition during Growth. The converse of the above _xperiment, preculture in B(-) medium for varying periods, followed by introduction of boron to the system, was carried out in three ways, each giving essentially identical results. In each case, ovules were precultured in B(-) medium for 0, 1, 2, 3, 4, 5, 6, or 14 days. In the first of the experiments, 0.5 ml of 10 mm B (100 ,uM final concentration) was aseptically added to the 50 ml in each culture flask on the appropriate day, and the culture was allowed to proceed through day 14 (Fig. 7) . In the Eecond experiment, ovules were transferred from B(-) to B(+) medium on the appropriate day and, again, culture continued through day 14. The B(+) medium, prior to introduction of the boron-deficient ovules, had contained other ovules cultured when the experiment was initiated in order to mimic the normal changes in media under usual conditions of full term (14-day) culture. These ovules were discarded prior to introduction of the B(-) ovules. In the third of this series of experiments, ovules were subtransferred on the appropriate days to fresh B(+) medium and allowed to grow 14 days more. For example, if transferred on day 6 they were terminated after 20 days of culture (6 days in B(-) and 14 in B(+) medium). TFU and dry weight data for the three experiments indicated that the sooner ovules contacted boron the more fiber they produced; though even if ovules were without boron until day 6, its introduction at that point still resulted in some fiber growth. Progression of boron-deficiency symptoms occurred as described earlier for ovules cultured directly in B(-) medium. Ovules supplied with boron after one day of B(-) preculture were normal in appearance at the end of the 14 days, though they had less TFU than ovules cultured immediately in B(+) medium. (This was so even if ovules were left in B(+) medium for 14 days after the one day of B(-) preculture.) Beyond one day, the longer ovules were cultured in B(-) medium before transfer to B(+) medium, the greater was the increase in callus, reduction in fiber development, and restriction of fiber to the center of the upper ovular surface. Similar experiments involving medium supplemented with only IAA produced similar results, though without proliferation of callus.
DISCUSSION
Epidermal cells of the cotton ovule that will extend into lint fibers (fibers of commerical interest) begin to elongate on the day of anthesis. They continue to elongate in vitro if fertilization has occurred (2) B(-) preculture experiments indicated that normal morphogenesis of unfertilized ovules could be restored by addition of boron before the third day of culture. This, together with the observation that abnormal growth in the absence of boron occurred primarily on the ovular surface in direct contact with the culture medium, suggests that it takes 2 to 3 days for boron, or substances through which boron functions, to be depleted from cells of the epidermis into the medium. Cells more distant from the medium can be induced to elongate into fiber even later in the culture period by addition of boron to the medium. Thus, it seems that a lower level of boron, or intermediate substances, not sufficient to promote fiber elongation, can maintain an arrested metabolic condition in these cells.
A constant supply of boron appears to be necessary to maintain fiber elongation and prevent callusing of epidermal (and subepidermal) cells. Therefore, it would seem that boron is not required for cell division and, in fact, its absence promotes the division-inducing (callus-forming) capacity of GA3. Rather, it seems that boron is required for fiber elongation in response to IAA.
Skok (12) reported that boron-deficient sunflower seedlings were more resistant to X-irradiation, suggesting that reduced metabolic activity coincided with lower boron levels. He further observed that cell maturation rather than division appeared to be most affected by boron deficiency. In our system, boron deficiency-induced arrest of fiber elongation tends to support the ideas that boron is involved in cell maturation, and that boron deficiency results in reduced metabolic activity. However, more severe boron deficiency (GA3-related) involving proliferation of callus, indicates high, though aberrant, metabolic activity. Perhaps low levels of boron result in reduced, yet still normal metabolic activity (and consequently, retarded maturation) while even lower levels allow the observed aberrant growth to occur.
Various workers have suggested that there is a direct relationship between boron nutrition and IAA metabolism; however, they disagree concerning the nature of the relationship. Jaweed and Scott (10) found greater amounts of IAA in borondeficient sunflower plants. Coke and Whittington (6) reported that both low boron and high IAA concentrations resulted in reduced elongation of bean roots and that roots grown in excess IAA recovered more rapidly in media containing high concentrations of boron. Extracts of boron-deficient root apices appeared to contain higher than normal concentrations of IAA-like substances. Thus, it was suggested that boron deficiency was related to IAA excess either because IAA accumulated due to impairment of growth processes in which it was involved or because IAA oxidase was inactivated by phenolic inhibitors. Eaton (9) , on the other hand, observed similarities between boron deficiency and IAA deficiency, and Dyar and Webb (8) found that meristems of boron-sufficient bean plants did not respond to naphthaleneacetic acid, whereas borondeficient meristems did, suggesting that the concentration of endogenous auxin was suboptimal in the boron-deficient plants. Brown pigments (probably phenolic compounds) accumulated in cotton ovules grown in B(-) medium, and the coincident reduced fiber elongation might be considered a sign of IAA deficiency. Furthermore, callusing in response to GA3 in borondeficient ovules suggests an imbalance in the relationship of IAA and GA3. These observations tend to support the latter hypothesis that boron deficiency and IAA deficiency might be related. However, reduced fiber elongation can also be caused by IAA toxicity (1) , and this too might be the case during boron deficiency.
Further work in this area is necessary to determine the exact nature of these relationships and whether they are directly related to boron metabolism or are merely secondary effects.
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